The aim of this study was to determine whether bone marrow-derived fibrocytes migrate into the cornea after stromal scar-producing injury and differentiate into alpha-smooth muscle actin (αSMA) + myofibroblasts. Chimeric mice expressing green fluorescent protein (GFP) bone marrow cells had fibrosis (haze)-generating irregular phototherapeutic keratectomy (PTK). Multiplex immunohistochemistry (IHC) for GFP and fibrocyte markers (CD34, CD45, and vimentin) was used to detect fibrocyte infiltration into the corneal stroma and the development of GFP+ αSMA+ myofibroblasts. IHC for activated caspase-3, GFP and CD45 was used to detect fibrocyte and other hematopoietic cells undergoing apoptosis. Moderate haze developed in PTK-treated mouse corneas at 14 days after surgery and worsened, and persisted, at 21 days after surgery. GFP+ CD34+ CD45+ fibrocytes, likely in addition to other CD34+ and/or CD45+ hematopoietic and stem/progenitor cells, infiltrated the cornea and were present in the stroma in high numbers by one day after PTK. The fibrocytes and other bone marrow-derived cells progressively decreased at four days and seven days after surgery. At four days after PTK, 5% of the GFP+ cells expressed activated caspase-3. At 14 days after PTK, more than 50% of GFP+ CD45+ cells were also αSMA+ myofibroblasts. At 21 days after PTK, few GFP+ αSMA+ cells persisted in the stroma and more than 95% of those remaining expressed activated caspase-3, indicating they were undergoing apoptosis. GFP+ CD45+ SMA+ cells that developed from 4 to 21 days after irregular PTK were likely developed from fibrocytes. After irregular PTK in the strain of C57BL/6-C57/BL/6-Tg(UBC-GFP)30Scha/J chimeric mice, however, more than 95% of fibrocytes and other hematopoietic cells underwent apoptosis prior to the development of mature αSMA+ myofibroblasts. Most GFP+ CD45+ αSMA+ myofibroblasts that did develop subsequently underwent apoptosis-likely due to epithelial basement membrane regeneration and deprivation of epithelium-derived TGFβ requisite for myofibroblast survival.
Introduction
Fibrocytes are monocyte-derived mesenchymal cells that circulate as mononuclear cells in the peripheral blood and commonly differentiate into myofibroblasts to contribute to wound healing responses in many organs (Darby et al., 2014) . These cells express CD45, a leukocyte marker, CD34 and CD11b, hematopoietic progenitor cell markers, chemokine receptors such as chemokine (C-C motif) receptor (CCR) 3, CCR5, CCR7 and chemokine (C-X-C motif) receptor (CXCR) 4 and extracellular matrix molecules such as collagens type I, fibronectin and vimentin (Reilkoff et al., 2011) . Fibrocytes rapidly infiltrate sites of injury and participate in healing and remodeling of the affected tissues (Abe et al., 2001; Chesney et al., 1998) , but they may also contribute to pathological fibrosis (Reilkoff et al., 2011) . Fibrocytes have been identified in fibrotic tissues in a variety of diseases such as lung fibrosis, bronchopulmonary dysplasia, liver fibrosis, renal fibrosis and scars in skin (Ashley et al., 2017; Iwaisako et al., 2014; Karin et al., 2016; Li et al., 2016; Suda et al., 2016; Sun et al., 2016) .
The development of fibrosis is associated with similar triggering events in different organs. These initiators include damage to the epithelial, endothelial, or parenchymal cells of the affected tissues and release of fibrogenic cytokines like transforming growth factor-β (TGF-β), recruitment of bone marrow-derived cells and the development of myofibroblasts that produce disordered extracellular matrix (Guarino et al., 2009; Krieg et al., 2007; Leaf and Duffield, 2017; Maher et al., 2007; Strutz and Muller, 1999) . Myofibroblasts are characterized by the expression of α-smooth muscle actin (α-SMA), often with co-expression of vimentin and/or desmin (Chaurasia et al., 2009) the secretion of extracellular matrix proteins such as fibronectin, collagen type I and collagen type III (Kaneda et al., 2017; Krieg et al., 2007) .
Myofibroblast development and persistence after epithelial-stromal injury in the cornea commonly leads to stromal fibrosis and decreased corneal transparency (also referred to as haze or scarring) that compromises the ability of the cornea to transmit light (Jester et al., 1999c; Mohan et al., 2003; Wilson, 2012) . The anterior corneal wound healing response triggered by trauma, infections, or corneal surgeries initiates a cascade of events that includes the release and penetration of TGF-β and platelet-derived growth factor (PDGF) into the stroma through the damaged epithelial basement membrane (EBM) that triggers myofibroblast development and may lead to persistence if repair of the EBM is delayed (Jester et al., 1999c; Torricelli et al., 2013a; Torricelli et al., 2013b) . Myofibroblasts are opaque due to diminished crystallin protein production (Jester et al., 1999b) , and they produce disorganized extracellular matrix that disrupts the precise distribution and spacing of the collagen fibers necessary for corneal transparency (Marino et al., 2016 (Marino et al., , 2017a .
Fibrocytes have been shown to be progenitors of myofibroblasts in fibrotic tissues in many organs (Abe et al., 2001; Direkze et al., 2003; Loomis-King and Moore, 2013; Xu et al., 2015) , although myofibroblasts may also develop from local tissue fibroblasts (Gallego-Munoz et al., 2017; LeBleu et al., 2013; Tandon et al., 2010; Torricelli and Wilson, 2014; Wang et al., 2017) or, possibly, by epithelial-to-mesenchymal transition (EMT) where epithelial cells acquire a mesenchymal phenotype and develop into myofibroblasts (Sun et al., 2016) . It has been demonstrated that myofibroblasts can develop in the cornea from keratocyte progeny, or even epithelial cells in some models (Direkze et al., 2003; Fathke et al., 2004; Saika et al., 2010; Wilson, 2012) . However, bone marrow-derived cells that infiltrate the corneal stroma after injury have also been shown to differentiate into myofibroblasts in chimeric mice that express green fluorescent protein (GFP) in bone marrow-derived cells (Barbosa et al., 2010; Singh et al., 2013a,b) . The purpose of this study was to determine whether bone marrow-derived cells that give rise to myofibroblasts are fibrocytes and, if so, to study the timing of fibrocyte recruitment, differentiation into mature myofibroblasts, and death by apoptosis in the cornea after fibrosis-associated injury (Mohan et al., 2008) .
Material and methods

Animals, chimerization and generation of corneal fibrosis
All animals were treated in accordance with the tenets of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and of the National Institutes of Health guide for care and use of laboratory animals. All experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at the Cleveland Clinic. C57BL/6 (Stock Number: 000664) and C57BL/6-Tg(UBC-GFP)30Scha/ J (Stock Number: 004353) female mice were obtained from The Jackson Laboratory (Bar Harbor, ME). These transgenic mice express enhanced green fluorescent protein (GFP) under the direction of the human ubiqutin C promoter in all tissues. Anesthesia was performed with an intraperitoneal injection of 130 mg ketamine and 8.8 mg xylazine per gram of body weight and 1 drop of 1% proparacaine HCl (Alcon, Ft. TX, USA) applied topically to the eye prior to phototherapeutic keratectomy (PTK). Ciprofloxacin hydrochloride 0.3% (Alcon) was instilled into the eye immediately after the procedure and continued twice a day until the epithelium was healed. Euthanasia was performed with an inhaled overdose of 5% isoflurane gas. Fig. 1 . Slit lamp photos of unwounded control corneas and corneas one day after phototherapeutic keratectomy (PTK) in chimeric mice. (A) Control corneas were clear without opacity. Corneas at 1 day (B), 4 days (C) or 7 days (D) after PTK were also transparent. Mild spotty opacity restricted to the area of excimer laser ablation was noted in corneas (E, arrow) at 14 days after PTK (arrow). More dense but geographic subepithelial haze was present (F, arrow) at 21 days after PTK in all corneas. 25× mag.
Bone marrow transplant for generation of GFP chimeric mice
The GFP chimeric mice were generated using a previously described method (Barbosa et al., 2010; Singh et al., 2013a,b) . In brief, the tibia and femur of C57/BL/6-Tg(UBC-GFP)30Scha/J mice were removed after euthanasia and maintained in chilled 1X PBS (10X stock is 1.37M sodium chloride, 27 mM potassium chloride, and 119 mM phosphate buffer, endotoxin free) throughout the procedure. Care was taken to include the joints at both ends of the femur and tibia in each leg. Soft tissues and skin were removed, and the femur and tibia separated at the knee joint by dissecting the adjoining connective tissue. Both ends of the bones were trimmed to allow insertion of a 26-gauge needle to flush the bone marrow with DMEM medium. Importantly, tissue populated with bone marrow cells is found concentrated at the joints. Bone marrow cells were harvested by flushing medium and scratching the bone marrow cavity with the end of the needle. Bone marrow cells were collected in a petri dish and clumps of bone marrow cells were teased out and gently dissociated using a one ml pipette to form a single-cell suspension. The suspension of cells was centrifuged at 1500 rpm for 10 min at 4°C to obtain a cell pellet. Red blood cells were lysed by adding sterile Milli-Q water at 4°C, followed by dilution with 10X PBS at 4°C at a ratio of one part PBS to nine parts cell solution with immediate mixing. Cell suspensions were centrifuged again at 1500 rpm for 10 min at 4°C and re-suspended in 1x PBS at 4°C. Cell viability in the range of 90%-95% was verified by staining with 0.4% trypan blue and cells were suspended in PBS at 4°C at a final concentration of 20 × 10 6 cells/ml.
Recipient C57BL/6 wild type mice received gentamycin 5 mg/kg by intraperitoneal injection two days prior to and 7 days after irradiation.
The recipient animals were irradiated 2 h before bone marrow transplant using a 137 Cs Mark 1 irradiator (J.L. Sheperd & Associates, Glendale, CA). All recipient mice received a single 600 rads dose of whole-body irradiation and were then allowed to rest in cages with unlimited food and water for 2 h prior to bone marrow injection. Irradiated mice were placed briefly under an infrared lamp to allow dilation of the tail veins and were then immobilized using an animal holder and the tail vein located. The tails were sterilized using 70% ethanol pads and 0.5 ml of bone marrow cell suspension (20 × 10 6 cells/ml) was injected intravenously using a 30-gauge needle. Animal mortality was observed within one to two weeks if viable bone marrow cells were not delivered in adequate numbers. A proportion of five GFP+ donors to six recipient wild type mice was used in this study to generate sufficient GFP+ chimeric mice expressing more than 90% GFP+ cells in the blood verified with fluorescence-activated cell sorting as previously described (Barbosa et al., 2010; Singh et al., 2013a,b) . This procedure reconstitutes the thymus, spleen, bone marrow and peripheral blood of the recipient mice with GFP+ bone marrow-derived cells.
Haze-generating irregular phototherapeutic keratectomy (PTK) with a fine mesh screen was performed on one eye of each chimeric GFP animal with a VISX S4IR excimer laser (Abbott Laboratories, Irvine, CA) as previously reported (Mohan et al., 2008) , at two months after bone marrow transplantation, once chimerization of at least 90% was verified. The opposite eye of each animal served as a control.
Slit lamp analysis and cornea tissue preparation
Groups of three animals each (triplicates) had slit lamp photos of . Multiplex IHC in chimeric mouse corneas at 1 day after irregular PTK. A large numbers of bone marrow derived GFP+ cells (arrows) were present in corneal stroma. These cells co-express CD45 (arrows) and CD34 (arrows). There were no cells positive for the myofibroblast marker α-SMA. In the merged panel on the bottom left, many GFP+ cells are also CD45+ and CD34+, and likely include fibrocytes (arrows). Some stromal cells are vimentin+ (arrowheads), and these cells also likely include fibrocytes. Asterisks indicate cells that were CD34+ and/or CD45+ that were GFP−. Blue is DAPI staining of cell nuclei. Merged is the overlay of all images in that column. Negative control IHC was performed for all antigens without primary antibody and no staining was detected (not shown). 400× mag.
Table 1
Averages of marker-positive cells alone and in multiplex combinations per 400X field. 15.7 ± 2.1 18.7 ± 4.6 18.7 ± 4.6 15.7 ± 2.1 15.7 ± 2.1 15.7 ± 2.1 14 days 3.0 ± 1.0 6.0 ± 2.6 14.0 ± 1.0 3.0 ± 1.0 3.0 ± 1.0 3.0 ± 1.0 21 days 2.3 ± 1.2 6.0 ± 2.6 7.3 ± 0.6 2.3 ± 1.2 2.3 ± 1.2 2.3 ± 1.2
47.7 ± 2.1 0.0 ± 0* 53.0 ± 2.0 0.0 ± 0* 47.7 ± 2.1 0.0 ± 0* 4 days 67.0 ± 2.8 1.5 ± 0.7 71.5 ± 3.5 1.5 ± 0.7 67.0 ± 2.8 1.5 ± 0.7 7 days 13.0 ± 1.4 7.0 ± 1.4 16.5 ± 0.7 6.5 ± 0.7 13.0 ± 1.4 6.5 ± 0.7 14 days 3.7 ± 1.5 5.7 ± 1.5 6.0 ± 2.0 3.7 ± 1.5 3.7 ± 1.5 3.7 ± 1.5 21 days 1.3 ± 0.6 2.0 ± 1.0 1.7 ± 1.2 1.3 ± 0.6 1.3 ± 0.6 1.3 ± 0.6 12.7 ± 4.2 7.3 ± 0.7 17.0 ± 1.4 7.0 ± 0.3 7.3 ± 0.7 7.0 ± 0.4 14 days 3.3 ± 0.9 5.3 ± 0.9 7.3 ± 0.9 3.3 ± 0.9 3.3 ± 0.9 3.3 ± 0.9 21 days 1.0 ± 0.3 3.0 ± 1.4 4.0 ± 1.4 1.0 ± 0.1
Averages of cells positive for fibrocyte and myofibroblast markers in different multiplex combinations. Three different immunofluorescence multiplexes were performed per animal at the different time points and quantification for all combinations is presented in the table. All differences were statistically significant compared to the unwounded control group, p < 0.01, except those indicated by *.
corneal haze under general anesthesia, followed by euthanasia and eye removal and fixation at 1, 4, 7, 14 and 21 days after irregular PTK surgery. The experimental and control eyes were removed with 0.12 mm forceps and sharp Westcott scissors, embedded in liquid OCT compound (Sakura Fine Tek, Torrance, CA, USA) within a 15 mm × 15 mm X 5 mm mold (Fisher Scientific, Pittsburgh, PA, USA) and snap frozen using previously reported methods (Mohan et al., 2003) . The frozen tissue blocks were maintained at 85°C until tissue sections were prepared. Tissue sections (8 μm thick) were cut with a cryostat (HM525, Thermo Scientific) and maintained frozen at 85°C until IHC was performed.
Multiplex immunohistochemistry
Triple-immunohistochemistry (IHC) was performed on experimental and control corneal sections to study expression of GFP, CD34 and CD45, or GFP, vimentin and alpha-smooth muscle actin (αSMA) at each time point. Corneal sections were prepared from all animals in each time point. The grouping of antigens in multiplex IHC was dictated by available primary antibodies. Briefly, slides containing three or four sections of each eye were washed twice in 1xPBS for 5 min and then fixed using 4% paraformaldehyde for only 5 min. Slides were then washed twice in 1X PBS for 5 min and sections were blocked using 5% normal donkey serum (#017000121, Jackson Laboratories, ME, USA) in 1X PBS for 30 min at room temperature. Primaries antibodies diluted in 5% normal donkey serum in 1X PBS, in the combinations described above, were placed on the slides and incubated at room temperature for 1 h. Dilutions of primary antibodies were as follows: chicken anti-GFP antibody (ab13870, Abcam, Cambridge, UK) was diluted 1:2000, rat anti-CD45 antibody (MCD455, Thermo Fisher, MA, USA), sheep anti-CD34 (AF6518, R&D Systems, MN, USA) and rabbit anti-αSMA (ab5694, Abcam) were diluted 1:100 and the goat anti-vimentin (sc-7557, Santa Cruz, TX, USA) was diluted 1:50. After primary antibody incubation, slides were washed twice in 1X PBS for 5 min and secondary antibodies, also diluted in 5% normal donkey serum in 1X PBS, were added to the sections for 1 h at room temperature as follows: Combination 1: donkey anti-chicken Alexa fluor 488 (#703-545-155, Jackson Immuno Research, PA, USA) at 1:500 + donkey anti-sheep Alexa fluor 647 (A-21448, Thermo Fisher) at 1:200 + donkey anti-rat Alexa fluor 594 (A-21209, Thermo Fisher) at 1:500; used for triple staining GFP, CD34 and CD45. Combination 2: donkey anti-chicken Alexa fluor 488 at 1:500 + donkey anti-rabbit Alexa fluor 568 (A-10042, Thermo Fisher) at 1:200 + donkey anti-goat Alexa fluor 647 (A-21447, Thermo Fisher) 1:200; used for triple staining GFP, αSMA and vimentin. Slides were finally washed three times in 1X PBS, air dried and mounted with Vectashield mounting media containing DAPI (H-1200, Vector Laboratories, CA, USA) to allow visualization of all nuclei. Sections for negative controls were included with incubations with secondary antibodies alone in the same dilutions as described above. The sections were analyzed and photographed with a Leica DM5000 microscope (Leica, Buffalo Grove, IL) equipped with Q-imaging Retiga 4000RV (Surrey, BC, Canada) camera and Image-Pro software (MediaCybernetics, Inc. Bethesda, MD).
Immunohistochemistry for collagen type 1 was performed using primary antibody goat anti-type I collagen (catalog #1310-01, Southern Biotech, Birmingham, AL USA) at a concentration of 1:500 to 1:5000 and secondary antibody donkey anti-goat IgG Alexa Fluor 594 (catalog # A11058, Thermo Fisher Scientific, Waltham, MA, USA) at a concentration of 1:200. Intense stromal staining for collagen type 1, however, precluded evaluation of infiltrating cells that were collagen type 1+ (Supplement Fig. 2) .
Cells that presented positive staining for each combination of multiplex were manually counted in at least 3 sections per slide for each animal analyzed. Counts of marker-stained and apoptotic cells were determined in 400X stromal fields, utilizing several fields on three slides within the central cornea for each unwounded control and wounded cornea. The mean and standard deviation of the markerstained or apoptotic fields of three corneas at each time point were determined.
The non-parametric Kruskal-Wallis test was used to compare the wounded groups to the unwounded control group and a p < 0.01 was considered statistically significant due to the large number of statistical comparisons performed.
Immunohistochemistry for detection of apoptotic cells
Triple-IHC staining was performed on experimental and control tissue sections to study apoptosis by looking at the co-expression of cleaved caspase-3, GFP and CD45 in cornea sections of each time point. IHC was performed as described in the prior section. The antibody to cleaved caspase-3 (#9661S, Cell Signaling, MA, USA) was diluted 1:200 in 5% normal donkey serum in 1X PBS in combination with chicken anti-GFP protein and rat anti-CD45 in the dilutions previously described. Donkey anti-rabbit alexa fluor 568 was used as the secondary antibody in the dilution 1:500 in combination with donkey anti-chicken alexa fluor 488 (1:500) and donkey anti-rat alexa fluor 647 (1:200, ab150155, Abcam).
Results
Slit-lamp evaluation of haze formation
Slit lamp photographs of the corneas of each animal revealed no visible corneal haze at 1, 4 or 7 days after PTK (Fig. 1B, C and 1D) , and were not different from control eyes without PTK (Fig. 1A) . Mild spotty corneal haze was observed in all six eyes observed at 14 days after PTK (Fig. 1 E) . Dense geographic haze was present in all three eyes observed at 21 days after PTK (Fig. 1F) .
Fibrocyte migration into the cornea
Multiplex IHC in control unwounded corneas (Fig. 2) detected no GFP+ bone marrow-derived cells in the stroma. A few cells in control unwounded corneas, likely including resident macrophages, were CD45+ and/or CD34+. Many keratocytes also express vimentin, albeit at low levels.
In corneas at one day post PTK (Fig. 3, Table 1 ), there were large numbers of GFP+ cells (arrows) in the stroma of chimeric mice, indicating that bone marrow-derived cells migrated into the corneas. Most of these cells were also CD45+ (arrows) and CD34+ (arrows) but αSMA− . Approximately 23% of these GFP+/αSMA− cells were also vimentin+, which likely includes fibrocytes that infiltrated the stroma by one day after PTK. CD34+ CD45+ cells that are vimentin− are likely other hematopoietic and hematopoietic stem/progenitor cells. . Multiplex IHC in chimeric mouse corneas 14 days after irregular PTK. GFP+ (arrows), CD45+ (arrows) and CD34+ (arrows) cells, including those co-expressing all three markers seen in the lower left overlay (arrows), were present in the stroma, but at lower density compared to corneas at 4 days and 7 days after PTK. All GFP+ cells co-expressed vimentin (arrows in overlay bottom right) and some expressed αSMA. Approximately two to three times more αSMA+ myofibroblasts were present in each corneal section of all three corneas compared to 7 days after PTK. Also, 30-50% of αSMA+ cells in each corneal section were GFP− (arrowheads, including in the overlay at the bottom right) indicating a keratocyte origin. Blue is DAPI staining of cell nuclei. Negative control IHC was performed for all antigens without primary antibody and no staining was detected (not shown). 400× mag.
Fibrocytes and other hematopoietic cells accumulate in the cornea
At 4 days (Fig. 4, Table 1 ) after PTK, multiplex IHC showed there were large numbers of GFP+ cells (arrows) in the stroma of chimeric mice. Most of these GFP+ cells were also CD45+ (arrows) and CD34+ (arrows, in the overlay), indicating invading hematopoietic cells. Approximately 24% of the GFP+ cells also expressed vimentin which includes fibrocytes, although other vimentin+ cells could also be present. At this early time point after PTK, only one αSMA+ cell (arrow, myofibroblast) was detected in one cornea and this cell was GFP+ indicating it had differentiated from bone marrow-derived cells.
At 7 days after PTK in chimeric mice (not shown), there remained many GFP+ stromal cells in the stroma and most of these cells were also CD45+ and CD34+. Two or three αSMA+ cells were found in each corneal section analyzed and more than 90% of these myofibroblasts were also GFP+.
Ongoing myofibroblast development in the stroma
At 14 days after PTK in chimeric mice (Fig. 5, Table 1 ), GFP+ (arrows), CD45+ (arrows) and CD34+ (arrows) cells, including some co-expressing all three markers (seen in the lower left overlay, arrows) were present in the stroma, but the density of these cells was decreased compared to 4 days (Fig. 4) and 7 days after PTK. At this time point (Fig. 5) , most GFP+ cells co-expressed αSMA and vimentin (arrows in overlay bottom right) and approximately two to three times more αSMA+ cells were present in each corneal section of all three corneas compared 7 days after PTK. Also, at this time point, 30-50% of αSMA+ cells in each corneal section were GFP− (arrowheads), indicating these myofibroblasts likely differentiated from local keratocyte progeny.
At 21 days after PTK in chimeric mice (Fig. 6 ), fewer GFP+, CD45+, and CD34+ cells, including cells expressing all three markers (overlay bottom left), were present in the stroma. All GFP+ cells observed in all three corneas were αSMA+, confirming the bone marrowderived fibrocyte origin of these cells. Approximately 30-50% of αSMA+ myofibroblasts were GFP−, indicating keratocytes were likely the progenitors for these myofibroblasts. There was a notable decrease in the total density of αSMA+ myofibroblasts in corneas at day 21 after PTK compared to corneas at day 14 after PTK.
Apoptosis in bone marrow-derived cells, including fibrocytes, after PTK
There were no cells expressing cleaved caspase-3 in the stroma of unwounded control corneas or at 1 day after PTK, but there was in the corneal epithelium (data not shown). One to three cleaved caspase-3-positive cells were present per section in the stroma at 4 days after PTK in all cornea sections analyzed and more than 95% of these cells were also GFP+ and CD45+ (not shown). At 7, 14, and 21 days after PTK in chimeric mice (Fig. 7, Table 2 ) between two and four cleaved caspase-3 expressing stromal cells were detected in each corneal section and more than 95% of these cells were also GFP+ and CD45+ (arrows, including in the overlays). Thus, many bone marrow-derived cells, including fibrocytes, that invade the corneal stroma after irregular PTK undergo apoptosis by 4 days and later after surgery.
Discussion
This study investigated whether bone marrow-derived fibrocytes Fig. 6 . Multiplex IHC in chimeric mouse corneas 21 days after irregular PTK. Fewer bone marrow-derived GFP+ cells (arrows) were present in the stroma of all three corneas at 21 days after PTK. The GFP+ cells that were present were also CD45+ (arrow) and CD34+ (arrow), although in some sections there were GFP+ CD45+ cells that were CD34-(not shown). The overlay on the bottom left shows the co-expression of GFP, CD45, and CD34 in one cell (arrow). In this section, only one αSMA+ myofibroblast was GFP+ (arrowhead, including in the bottom right overlay) while two αSMA+ myofibroblasts were GFP− (arrows). Blue is DAPI staining of cell nuclei. Negative control IHC was performed for all antigens without primary antibody and no staining was detected (not shown). 400× mag.
migrate to the cornea after fibrosis-generating epithelial-stromal injury and develop into αSMA+ myofibroblasts, which generate the corneal fibrosis (scarring or haze). Prior studies in GFP chimeric mice confirmed the importance of bone marrow-derived cells (BMDC) in the generation of fibrosis with 30-70% of persisting myofibroblasts originating from BMDC, with the rest derived from keratocytes, in a particular animal (Barbosa et al., 2010; Singh et al., 2013a,b) .
Mice are relatively resistant to generation of fibrosis after surface injuries like photorefractive keratectomy (PRK) compared to rabbits (Mohan et al., 2003; Torricelli et al., 2013a Torricelli et al., , 2013b ) and humans , and irregular phototherapeutic keratectomy over a fine mesh screen must be used to roughen the stromal surface to mechanically inhibit epithelial basement membrane (EBM) regeneration in this species (Mohan et al., 2008) . The resistance to stromal fibrosis generation in mice is thought to be related to their proficiency in repairing the injured EBM (Marino et al., 2016; Torricelli et al., 2013a Torricelli et al., , 2013b and, therefore, halting epithelial-derived TGFβ penetration into the stroma, and thereby triggering apoptosis of TGFβ-dependent myofibroblast precursors and mature myofibroblasts (Marino et al., 2017a and 2017b) . Prior studies demonstrated that the development of fibrosis Fig. 7 . Activated cleaved caspase-3, GFP and CD45 multiplex IHC for detection of apoptotic cells in chimeric corneas after irregular PTK. At 7 days, 14 days and 21 days after PTK, two to four activated cleaved caspase-3 expressing cells (arrows) were detected in each section evaluated of all three corneas at each time point. More than 95% of these apoptotic cells were also GFP+ and CD45+, indicating that many invading bone marrow-derived cells, including fibrocytes, undergo apoptosis at some point more than four days after irregular PTK. Blue is DAPI staining of cell nuclei. Negative control IHC was performed for all antigens without primary antibody and no staining was detected (not shown). 400× mag.
(haze) after irregular PTK is dependent on mouse strain (Singh et al., 2013) . The C57BL/6 strain used in this study, because of the availability C57BL/6 GFP donors, is in the middle of the range of fibrotic tendency in mice and, therefore, it was expected that many myofibroblast precursor cells would undergo apoptosis during their development-which was confirmed in this study.
The present study demonstrated that many of the BMDC that invade the stroma after stromal-epithelial injury express CD34 and CD45 markers characteristic of fibrocytes (Reilkoff et al., 2011) , although other hematopoietic lineage cells (Nakano et al., 1990) , including possibly other CD34+ hematopoietic stem/progenitor cells (Holyoake and Alcorn, 1994) , are likely also infiltrating the corneal stroma. Many of these invading BMDC also expressed vimentin, which is characteristic of fibrocytes (Reilkoff et al., 2011) and, therefore, invading fibrocytes are likely among this population of cells. What can be deduced conclusively from the present study is that the GFP+/CD45+/αSMA+ cells noted in the stroma from 4 to 21 days after irregular PTK are developing corneal myofibroblasts (GFP+ vimentin+ αSMA+ desmin−) or fully matured corneal myofibroblasts (GFP+ vimentin+ αSMA+ desmin+) that developed from bone marrow-derived cells that were fibrocytes, although desmin expression was not studied.
Keratocytes also express low levels of vimentin (Chaurasia et al., 2009; Xu et al., 2008) , but they would be GFP− CD34− CD45− αSMA− cells. Small numbers of GFP− CD34+ CD45+ cells were detected in the stroma of unwounded control corneas (Fig. 2 ) and these were likely resident macrophages and myeloid precursor cells (Brissette-Storkus et al., 2002; Sosnova et al., 2005) . GFP+ CD34+ CD45+ cells that are vimentin-are other types of BMDC, including macrophages and other inflammatory cells. Importantly, fibrocytes often lose CD34 expression in later stages of their development into myofibroblasts (Diaz-Flores et al., 2014) .
Rare GFP+ BMDC developed into SMA+ myofibroblasts as early as 4 days after irregular PTK (Fig. 4, Table 1 ), with no αSMA+ cells (either GFP+ or GFP−) being detected in the stroma of unwounded control corneas or corneas at one day after irregular PTK. Greater numbers of GFP+ αSMA+ myofibroblasts were noted in the anterior stroma at 14 days (Fig. 5, Table 1 ) and 21 days (Fig. 6, Table 1 ) after PTK, but the numbers of these developing (or mature) myofibroblasts was likely less than 1-2% of the total fibrocytes migrating into the corneal stroma at one day and later after PTK.
It would have been very useful to trace collagen type 1 in this study, as another important marker of fibrocytes (Bucala et al., 1994) . However, cornea contains approximately 70% collagen type 1 (Newsome et al., 1982; Newsome et al., 1981) and IHC for collagen type 1 (Supplement Fig. 2 ) was so intense in all corneas tested that it precluded tracking of individual collagen type 1 + infiltrating cells.
In the present study, relatively few GFP+ CD34+ CD45+ vimentin + fibrocytes that invaded the cornea in the first few days after irregular PTK developed into mature GFP+ CD45+ SMA+ myofibroblasts. IHC for activated cleaved caspase-3 (Fig. 7) demonstrated that most of the GFP+ CD45+ cells invading the cornea, including fibrocytes and their progeny, underwent apoptosis during the interval from 7 to 21 days after PTK. This apoptosis of GFP+ CD45+ cells, including hematopoietic cells that were not fibrocytes, was detected as early as 4 days after the injury and would likely have been noted earlier if other time points between one day and four days had been included in this study. These fibrocytes that invade the cornea begin development into myofibroblasts, as do keratocyte-derived myofibroblast precursors, driven by high stromal levels of TGFβ (Jester et al., 1999a (Jester et al., , 2002 Singh et al., 2014; Singh et al., 2011) , and other cytokines such as PDGF (Jester et al., 2002; Singh et al., 2014) , that penetrate the stroma from the injured epithelium and tear film in the first few days after injury before the epithelial basement membrane regenerates Torricelli and Wilson, 2014) . If the epithelial basement membrane regenerates through the coordinated action of epithelial and stromal cells Wilson et al., 2017) , stromal levels of TGFβ, and possibly other cytokines, decrease. Once they are deprived of this ongoing adequate supply of TGFβ, fibrocytes, fibrocyte progeny, and myofibroblasts (in addition to keratocyte progeny undergoing development into myofibroblasts) undergo apoptosis. If the injury is more extensive, yields a more irregular stromal surface, and/or is ongoing, and the epithelial basement membrane doesn't regenerate, then fibrocyte and keratocyte-derived myofibroblast precursors complete their development into mature vimentin+ αSMA+ desmin+ myofibroblasts that produce fibrosis that persists-at least until the epithelial basement membrane is regenerated (Marino et al., 2017a and b) . In the current experiments in mice, it is likely that epithelial basement membrane regeneration was sufficiently rapid, at least in some areas of the irregular PTK-ablated zone, so that myofibroblast development was abrogated prior to the appearance of many mature vimentin+ αSMA+ desmin+ myofibroblasts and relatively few areas of dense fibrosis emerged (Fig. 1 ) compared to what is seen in rabbits.
Fibrocytes have been found to have a role in myofibroblast generation and fibrosis in most organs investigated, including heart (Sopel et al., 2012) , lung (Gurczynski et al., 2016) , and skin (Abe et al., 2001; Kao et al., 2011) , and liver (Iwaisako et al., 2012) . Thus, although fibrocytes are only 0.1-0.5% of non-erythrocytic cells in the peripheral blood (Bucala et al., 1994) , they make important contributions to the response to injuries throughout the body. In addition to myofibroblast development from local fibroblastic cells (keratocytes in the cornea), myofibroblasts can also develop by epithelial-to-mesenchymal transition (EMT), in which epithelial cells acquire a mesenchymal phenotype and can give rise to fully-differentiated myofibroblasts (Iwaisako et al., 2012) . Thus, myofibroblasts arise in injured tissues by at least three mechanisms, pointing to the importance of these cells to the viability of tissues and animals after injury. There is a temptation to think of fibrosis as only a pathological process. However, it clearly has an important function in the viability of organs and organisms, and only becomes pathological when it progresses and persists to the extreme where tissue repair is no longer possible. The cornea provides an excellent example of this principle. When the cornea develops overwhelming infection with pseudomonas aeruginosa bacteria, massive myofibroblast generation and fibrosis can prevent perforation of the cornea and loss of the eye (Marino et al., 2017a) . Subsequently, over a period of months, after regeneration of the epithelial basement membrane, the myofibroblasts disappear, disordered extracellular matrix is Control 0.0 ± 0 5.0 ± 1.2 0.0 ± 0 0.0 ± 0 0.0 ± 0 0.0 ± 0 4 days 39.0 ± 15.5 43.5 ± 16.2 39.0 ± 1.4 2.0 ± 15.6 2.0 ± 1.4 2.0 ± 1.4 7 days 5.5 ± 2.1 6.5 ± 2.1 5.5 ± 2.1 2.5 ± 2.1 2.5 ± 2.1 2.5 ± 2.1 14 days 2.0 ± 0.1 4.0 ± 0.1 2.0 ± 0.0 1.9 ± 0.9 2.0 ± 0.6 2.0 ± 0.0 21 days 3.0 ± 1.4 8.0 ± 2.8 2.0 ± 1.4 3.0 ± 0.2 3.0 ± 1.4 3.0 ± 1.4
Averages of cells positive for hematopoietic and apoptosis markers in different multiplex combinations per 400× microscope field in the stroma. Three different immunofluorescence multiplexes were performed per animal at the different time points and quantification for all combinations is presented in the table. All differences were statistically significant compared to the unwounded control group, p < 0.01.
reorganized, and transparency and visual function can be restored. This principle likely holds in all organs. In summary, the present study demonstrates that fibrocytes contribute to corneal wound healing after epithelial-stroma injury in mice, by rapidly migrating to the site of injury and differentiating into mature αSMA-expressing myofibroblasts. It also confirms that the cornea has mechanisms in place to modulate the development of fibrocytes to mature myofibroblasts so that the latter cells are only generated in large numbers when they are needed.
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